Introduction
============

Gambogic acid (GA), the major active ingredient in gamboge, is a traditional Chinese medicine that can be potentially developed for various new antitumor drugs. A variety of studies have demonstrated its incredible antitumor effect on multiple types of tumors, including colorectal cancer.[@b1-ijn-12-1593]--[@b3-ijn-12-1593] Nevertheless, the appendant poor aqueous solubility (less than 0.5 μg/mL) and accompanying toxic side effects while acquiring satisfactory antitumor effects of GA limit its bioavailability in clinical application.[@b4-ijn-12-1593],[@b5-ijn-12-1593]

The appearance of various nanocarriers not only enhances the solubility of hydrophobic antitumor drugs but also controls a slow and stable release of drugs in vivo to reduce side effects and preserve the same therapeutic effect.[@b4-ijn-12-1593],[@b6-ijn-12-1593] Multifarious nanotechnologies have been widely applied in diagnosis, therapeutic, and other biomedical areas.[@b7-ijn-12-1593]--[@b11-ijn-12-1593] On one hand, via the enhanced permeability and retention (EPR) effect, nanoparticles (NPs) accumulate at tumor sites, benefiting from the special environment of vascular malformation and lack of lymphatic circumfluence. On the other hand, hydrophobic drug molecules can be encapsulated in NPs with relatively high drug-loading efficiency and excellent stability.[@b12-ijn-12-1593],[@b13-ijn-12-1593]

Despite the utilization of biocompatible and biodegradable materials, such as poly(lactic-*co*-glycolic acid) (PLGA), polylactic acid, and polycaprolactone,[@b14-ijn-12-1593],[@b15-ijn-12-1593] nano-carriers are unavoidably met with quick excretion from the mononuclear phagocyte system. The hydrophilic polymer polyethylene glycol (PEG) can be decorated on the surface of NPs and then the NPs can be shielded by water molecules. PEGylated NPs appear invisible to macrophages, resulting in immunoevasion[@b16-ijn-12-1593]--[@b18-ijn-12-1593] in theory. However, an anti-PEG immunological response is observed after the first dose of PEGylated NPs injected in vivo, leading to the accelerated blood clearance phenomenon upon repeated injection of the PEGylated NPs.[@b19-ijn-12-1593]

Therefore, more and more attention has been focused on natural lipids[@b20-ijn-12-1593] and cell membranes.[@b21-ijn-12-1593],[@b22-ijn-12-1593] Membrane coating has been tried in an attempt to disguise NPs as autologous cells by a novel nanocoating technology. In consideration of enormous quantity in vivo as well as simple structure and properties, red blood-cell membrane (RBCm) was the earliest and most widely explored for building synthetic biomimetic nanocarriers.[@b23-ijn-12-1593]--[@b27-ijn-12-1593]

RBCm coating containing membrane proteins (eg, CD47,[@b28-ijn-12-1593] C8bp,[@b29-ijn-12-1593] and HRP[@b30-ijn-12-1593]) can retain their original biological properties completely,[@b22-ijn-12-1593] disguise NPs as RBCs,[@b31-ijn-12-1593] evade the immune response from the mononuclear phagocyte system to prolong systemic circulation without the accelerated blood clearance phenomenon,[@b19-ijn-12-1593] and concurrently reduce reticuloendothelial system uptake.[@b32-ijn-12-1593] This provides more opportunity to accumulate at tumor sites. Research has shown that the RBC-NP platform does not induce immune responses on the cellular level or the humoral level,[@b19-ijn-12-1593] highlighting its superior biocompatibility. This conforms to some of the requirements of a desired drug-carrier system, ie, evading the host immune system while delivering its "cargo" safely to its "destination". Besides, the versatility of the inner polymeric core, which is able to deliver a wide variety of antitumor drugs,[@b25-ijn-12-1593],[@b33-ijn-12-1593] is also equally valuable compared with nanoerythrosomes.[@b34-ijn-12-1593],[@b35-ijn-12-1593]

Here, we try to demonstrate that the synthetic RBC-NP platform is able to enhance the efficiency of potential antitumor drug GA in a mouse model of colorectal cancer ([Figure 1](#f1-ijn-12-1593){ref-type="fig"}). Furthermore, the biocompatibility and safety of GA-loaded RBC NPs are included in the exploration scope.

Materials and methods
=====================

Materials
---------

GA (purity ≥99%), PLGA (molecular weight 40,000), polyvinyl alcohol (PVA), and dichloromethane (DCM) were purchased from Aladdin Industrial Corporation (Shanghai, China). 3,3′-Dioctadecyloxacarbocyanine perchlorate (DiO), 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI), 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), phorbol-12-myristate-13-acetate/12-O-tetradecanoylphorbol 13-acetate (PMA/TPA), and a cell-cycle analysis kit were purchased from Beyotime Institute of Biotechnology (Haimen, China). An annexin V--Fluos staining kit was purchased from Hoffman-La Roche Ltd (Basel, Switzerland).

Cells and cell culture
----------------------

The human colon cancer-cell line SW480, human gastric cancer-cell lines MKN45 and AGS, and the human monocytic cell line THP1 were preserved by our lab and purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in Roswell Park Memorial Institute 1640 medium with 10% calf serum at 37°C in a humidified atmosphere with 5% CO~2~.

Animals
-------

Male BALB/c mice (weight 18−25 g, age 5−8 weeks) were supplied by the Experimental Animal Center of Nanjing Drum Tower Hospital. All animal experiments were approved by the Animal Care Committee, Drum Tower Hospital, Nanjing, China. All animal-handling procedures were performed in compliance with guidelines set by the Animal Care Committee, Drum Tower Hospital.

Preparation of RBCm-GA/PLGA NPs
-------------------------------

### Preparation of RBCm-derived vesicles

Whole blood was collected from BALB/c mice with heparin solution and centrifuged at 800× *g* for 5 minutes at 4°C. Then, the serum and buffy coat were removed. Residual RBCs were washed with normal saline (NS) at 4°C three times prior to hypotonic medium treatment for hemolysis. The washed RBCs were suspended in 0.25× phosphate-buffered saline (PBS) in an ice bath for 30 minutes and centrifuged at 17,000× *g* for 10 minutes at 4°C. After centrifugation, a pink pellet, which was the RBCm, could be observed at the bottom of the tube. RBCm was collected after the hemoglobin was removed, and was then sonicated in a capped glass vial for 6 minutes using a bath sonicator (Elma Schmidbauer GmbH, Singen, Germany) at a frequency of 37 kHz and power of 60 W. The resulting membrane vesicles were subsequently extruded repeatedly through 800, 400, and 200 nm polycarbonate porous membranes using a mini-extruder (Avanti Polar Lipids, Alabaster, AL, USA).

### Preparation of GA/PLGA NPs

GA and PLGA were dissolved in 0.5 mL of DCM as the oil phase. The organic solution was then added into 1.5 mL of 450 mM aqueous PVA solution and sonicated to obtain the O/W emulsion. The emulsion was added to 2.5 mL of 115 mM PVA and sonicated again. The final solution was subsequently left under stirring for at least 2 hours to remove DCM. The resulting solution was centrifuged at 20,000× *g* for 30 minutes and washed three times to remove PVA. After the yellow sediment was resuspended in pure water and filtered with a 0.45 μm microfiltration membrane to remove unloaded GA, the inner GA/PLGA NPs were prepared.

Drug loading (DL) and encapsulation efficiency (EE) of GA in PLGA NPs were detected using high-performance liquid chromatography (HPLC). The GA/PLGA NPs were first dissolved in acetone. After acetone had been volatilized, the resulting yellow sediment was then dissolved in methanol. The GA content was dissolved in methanol, while PLGA was precipitated. The GA content was detected using an HPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with an HC-C18 column at 30°C and detected at 360 nm. The mobile phase consisted of methanol and 0.1% phosphoric acid (95:5, v/v) and the flow rate was 1.0 mL/min. DL and EE were calculated as follows: $$\text{DL}\ (100\%) = \frac{\text{Weight~of~drug~in~the~NPs}}{\text{Weight~of~the~NPs}} \times 100\%$$ $$\text{EE}\ (100\%) = \frac{\text{Weight~of~drug~in~the~NPs}}{\text{Weight~of~feeding~drug}} \times 100\%$$

### Fusion of RBCm-derived vesicles with GA/PLGA NPs

The prepared RBCm-derived vesicles and GA/PLGA NPs were mixed and then extruded ten times through a 200 nm polycarbonate porous membrane with the Avanti mini-extruder. Finally, the RBCm-GA/PLGA NPs were obtained as a light-yellow suspension.

Characterization of RBCm-GA/PLGA NPs
------------------------------------

Chemical interaction between GA and PLGA through O/W emulsion was analyzed by infrared (IR) spectra. The samples, containing GA, PLGA, and GA/PLGA NPs, were freeze-dried in preparation. Fourier-transform IR spectra were recorded on a Nicolet Nexus 470-ESP (Thermo Fisher Scientific, Waltham, MA, USA). Baseline values were corrected, and the samples were scanned against a blank KBr-pellet background at wave numbers in the range of 400--4,000 cm^−1^.

The diameter and polydispersity of the NPs in (0.1 M, pH 7.4) were measured by dynamic light scattering (DLS) using a BI-900AT/ζ-potential analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA). To evaluate the stability of NPs, the RBCm-GA/PLGA NPs were kept at 25°C and the diameter determined by DLS every day for a week.

The structure of the RBCm-GA/PLGA NPs was examined using transmission electron microscopy (JEM-100S; JEOL, Tokyo, Japan). A drop of the NP suspension was deposited onto a cupper grid and air-dried at room temperature. The sample was stained with 1% uranyl acetate before observation. Drug release was studied by dialyzing samples against PBS at different pH values (7.4 and 5.4) using a dialysis bag with a molecular weight cutoff of 10 kDa at 37°C for a week. The GA content was detected using HPLC.

In vitro uptake and cytotoxicity
--------------------------------

### In vitro uptake

RBCm and PLGA NPs were fluorescence-labeled with red DiI and green DiO dye, respectively. Subsequently, three gastrointestinal cancer-cell lines (SW480, MKN45, and AGS) were seeded into confocal dishes, respectively, at a density of 10^6^. NPs (500 μL) were added to the cell-culture medium. After 30 minutes of incubation, the cells were washed with NS and cellular nuclei stained with DAPI. The cellular uptake of NPs was observed using confocal laser-scanning microscopy (Olympus, Tokyo, Japan).

### In vitro cytotoxicity (MTT assay)

MTT assays were carried out to test the in vitro cytotoxicity of RBCm-GA/PLGA NPs against SW480 cells. Cells were seeded in 96-well plates at a density of 5,000 cells per well and incubated at 37°C with 5% CO~2~ for attachment. After cells had been exposed to various concentrations of RBCm-GA/PLGA NPs and free GA for 24 and 48 hours, 20 μL of 5 mg/mL MTT solution was added to each well, and incubation was carried out for another 4 hours. The supernatant was discarded, and 150 μL of dimethyl sulfoxide was added to dissolve the formazan crystals. Absorption at 490 nm was measured by a Multiskan Spectrum microplate reader (Thermo Fisher Scientific), and cell viability was calculated by the formula: $$\text{Cell~viability}\ (100\%) = \frac{\text{Abs}\ (\text{sample}) - \text{Abs}\ (\text{background})}{\text{Abs}\ (\text{control}) - \text{Abs}\ (\text{background})} \times 100\%$$

### Apoptosis assay

Apoptosis was detected using the annexin V--Fluos staining kit according to the instructions. After being exposed to various concentrations of RBCm-GA/PLGA NPs and free GA for 12, 24, 48, and 72 hours, 10^6^ SW480 cells were collected and washed with PBS. Washed cells were resuspended in 100 μL of annexin V--Fluos labeling solution (100 μL of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer, 2 μL of annexin V--fluorescein and 2 μL of propidium iodide) per sample, and incubated in the dark for 15 minutes at room temperature. The apoptosis of SW480 was analyzed by flow cytometry (EMD Millipore, Billerica, MA, USA).

### Cell-cycle analysis

SW480 cells were incubated with RBCm-GA/PLGA NPs and free GA for 24 and 48 hours. Then, the cells were collected and washed with PBS and fixed in 70% alcohol overnight at 4°C. Fixed cells (10^6^) were washed with PBS again, resuspended in 500 μL of propidium iodide-staining solution per sample, and incubated in the dark at 37°C for 30 minutes. The samples were analyzed by flow cytometry.

In vivo antitumor efficacy
--------------------------

SW480 cells (5×10^6^) were implanted subcutaneously into the right flank of BALB/c (nu/nu) mice. The tumors were allowed to grow for a week. Then, SW480 tumor-bearing nude mice were divided into five groups (n=7 per group) and given injections of RBCm-GA/PLGA NPs (6 mg/kg, RBCm-GA/PLGA group), GA/PLGA NPs (6 mg/kg, GA/PLGA group), GA solution (6 mg/kg, GA group), RBCm-PLGA NPs (RBCm-PLGA group), and NS (NS group) via the tail vein once a week a total of twice. Tumor size and mouse weight were measured on day 7 postimplantation and every other day after injection. Tumor volume was calculated as V = D × d^2^/2, where D and d are the longest and shortest diameter of the tumor in millimeters, respectively. Survival was predefined as tumor size \<2,000 mm^3^ prior to the initiation of the study. In order to reduce the impact of initial tumor volume and weight differences among different groups, relative tumor volume and relative weight were calculated by the formulae: $$\text{Relative~tumor~volume} = \frac{V}{V_{0}}$$ $$\text{Relative~weight} = \frac{W}{W_{0}}$$where V represents absolute tumor volume and V~0~ average tumor volume of the group on day 7. Similarly, W represents the absolute weight and W~0~ average weight of the group on day 7.

Biocompatibility and safety studies
-----------------------------------

PLGA and RBCm-PLGA NPs were both fluorescence-labeled with DiO. THP1 macrophages, which had been stimulated with PMA/TPA previously, were incubated with PLGA and RBCm-PLGA NPs, respectively, for 30 minutes at 37°C. Then, the macrophages were washed and digested by trypsin. Fluorescence quantitation was performed by flow cytometry to reflect the biocompatibility of NPs indirectly. In antitumor-efficacy experiments, mice were killed on day 22, and heart, lungs, liver, spleen, and kidneys of mice in each group were collected for hematoxylin and eosin (H&E) staining to assess systemic toxicity.

Statistical analysis
--------------------

Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS) version 23.0 software (IBM Corporation, Armonk, NY, USA). One-way analysis of variance or Student's *t*-test was used to determine the differences among various treatments. Data are presented as mean ± standard deviation. Statistically significant results were subjected to Tukey's post hoc test (GraphPad Prism 5.0; GraphPad Software Inc, La Jolla, CA, USA). All quantitative data reported represent the mean of at least three independent experiments. Differences were considered statistically significant if *P*\<0.05.

Results
=======

Preparation and physicochemical characterization of RBCm-GA/PLGA NPs
--------------------------------------------------------------------

Blank PLGA or GA/PLGA NPs were prepared using O/W emulsion. The loading content of GA in PLGA core was controlled by varying the ratio between the drug and PLGA ([Figure 2A](#f2-ijn-12-1593){ref-type="fig"}). By increasing the input of GA, the loading of the drug in NPs was also increased. DL was approximately 20 wt% when the ratio of GA:PLGA in weight was higher than 30%. Moreover, when drug-input concentration was 30 wt%, EE reached its maximum value. Therefore, 30 wt% GA was used for subsequent in vitro and in vivo studies.

Fourier-transform IR spectrometry was used to evaluate the chemical interaction between GA and PLGA through O/W emulsion. As shown in [Figure S1](#SD1-ijn-12-1593){ref-type="supplementary-material"}, the characteristic peak of PLGA at 3,508 cm^−1^ and peaks of GA at 1,593.3 cm^−1^ and 1,633.5 cm^−1^ were changed. In the spectra of GA/PLGA NPs, emerging peaks of 1,594.7 cm^−1^, 1,634.9 cm^−1^, and 3,349.7 cm^−1^ proved the existence of the interaction between GA and the PLGA.

Next, RBCm derived from the blood of BALB/c mice was coated onto the polymeric cores using an extrusion approach, as previously described.[@b23-ijn-12-1593]--[@b27-ijn-12-1593] According to the parameters, including density of polymeric cores, the mean particle sizes before and after the RBCm coating, mean surface area of mouse RBCs, membrane thickness of RBCs, we estimated that RBCm collected from 200 μL mouse RBCs could fully coat 10 mg of PLGA NPs. A series of RBCm-GA/PLGA formulations were prepared using RBCm collected from 50 μL, 100 μL, 150 μL, 200 μL, 300 μL, and 400 μL of RBCs. The change in particle diameter was determined using DLS before and after sonication for 30 minutes ([Figure 2B](#f2-ijn-12-1593){ref-type="fig"}). The results reflected higher particle stability with increased RBCm content. Besides, NPs showed negligible size increase following sonication, when the content of RBCm was above 200 μL (the theoretical value for full particle coverage).

After the ratio of GA, PLGA, and RBCm had been confirmed, the core--shell structure of the RBCm-GA/PLGA NPs was visualized by transmission electron microscopy with uranyl acetate negative staining ([Figure 2C](#f2-ijn-12-1593){ref-type="fig"}). The thickness of the outer lipid shell was approximately 7--8 nm, consistent with the membrane width of RBCs, indicating a successful RBCm coating of PLGA NPs.

Drug loading and membrane coating increased particle size ([Figure 2D](#f2-ijn-12-1593){ref-type="fig"}). When GA was loaded into PLGA NPs, particle size increased from 151 nm to 156 nm. Coating of GA/PLGA cores with RBCm resulted in a size increase to approximately 163 nm. The resulting RBC-mimicking NPs showed long-term stability in vitro ([Figure 2E](#f2-ijn-12-1593){ref-type="fig"}). Particle size and polydispersity index of RBCm-GA/PLGA NPs suspended in PBS were monitored by DLS, and little change was observed in 7 days.

Whether in a neutral (pH 7.4) or acidic (pH 5.4) environment, the RBCm-GA/PLGA NPs displayed a slow and sustained release in 7 days ([Figure 2F](#f2-ijn-12-1593){ref-type="fig"}). Approximately 40% of GA was released from RBCm-GA/PLGA NPs in neutral PBS (pH 7.4) over 7 days, while about 20% of GA was released from the RBCm-GA/PLGA NPs in acidic PBS (pH 5.4). This observed prolonged release was partly due to the RBCm coating, which acted as a diffusional barrier for GA release. Moreover, when RBCm-GA/PLGA NPs were exposed to the acidic environment (PBS, pH 5.4), yellow sediment was observed in the dialysis bag, indicating an increase in particle size. This was likely to bring slower release.

In vitro uptake and cytotoxicity
--------------------------------

Uptake of RBCm-PLGA NPs in vitro was confirmed by laser-scanning confocal microscopy after incubation of tumor cells with RBCm-PLGA NPs. It can be seen from the fluorescence images that green punctate (polymeric cores were visualized with DiO dye) and red punctate (RBCm were visualized with red DiI dye) points were around the nucleus (visualized with blue DAPI dye), overlapping each other ([Figure 3A](#f3-ijn-12-1593){ref-type="fig"}). The images also suggested colocalization of RBCm and polymeric cores after being internalized by gastrointestinal cancer cells.

Based on the result that the NPs could be taken up by tumor cells in vitro, MTT assays were used to evaluate whether the GA encapsulated within the RBCm-GA/PLGA NPs could retain its antitumor activity against SW480 cells. The results showed a dose-dependent cytotoxicity of both RBCm-GA/PLGA NPs and GA against SW480 cells for 24 and 48 hours incubation ([Figure 3B](#f3-ijn-12-1593){ref-type="fig"}). Moreover, compared with cell viability, free GA demonstrated slightly better efficacy (*P*\>0.05, n=4) against SW480 cells for 24 hours, but almost no difference for 48 hours. This further expounds the therapeutic potential of GA-loaded RBCm-cloaked NPs with its continuous antitumor efficacy in vitro.

GA may cause the apoptosis of cancer cells to create cytotoxicity. To illustrate the possible mechanism of cytotoxicity in vitro, further analysis of apoptosis and the cell cycle was also conducted. Apoptotic rate (Q~2~ + Q~4~) obviously increased when SW480 cells were exposed to different concentrations of RBCm-GA/PLGA NPs from 12 to 72 hours ([Figure 3C](#f3-ijn-12-1593){ref-type="fig"}). When the concentration was above 1.5 μg/mL, an apparent apoptosis of SW480 cells was observed. There-fore, flow-cytometry analysis conducted at 1.5 μg/mL of RBCm-GA/PLGA NPs and GA-induced apoptosis. Representative results at 12, 24, 48, and 72 hours are shown in [Figure 3D](#f3-ijn-12-1593){ref-type="fig"}. The result reflected the rate of both early (Q~4~)- and late (Q~2~)-stage apoptotic SW480 cells increased with time. In the previous 24 hours, free GA induced more apoptosis of SW480 than RBCm-GA/PLGA NPs, while the two groups both showed similar apoptosis of SW480 after 48 hours. This matched with the results of MTT assays. In addition, cell-cycle distribution was also affected after exposure to 1.5 μg/mL GA-loaded NPs and free GA at 24 and 48 hours ([Figure 3E](#f3-ijn-12-1593){ref-type="fig"}). The distribution showed an increased accumulation of cells at the S phase with time in both GA-loaded NPs and the GA group, which meant RBCm-GA/PLGA NPs and GA caused S arrest in SW480 cells.

In vivo antitumor efficacy
--------------------------

After verifying the antitumor activity of RBCm-GA/PLGA NPs in vitro, we sequentially determined whether the activity could act as effective therapy against tumor growth in vivo. BALB/c nude mice bearing subcutaneous inoculated SW480 tumors were used to observe the long-term tumor burden in a colorectal cancer model. Treatments were administered via tail vein with RBCm-GA/PLGA NPs, GA/PLGA NPs, GA, RBCm-PLGA NPs, and NS and repeated once a week a total of twice. After the injection of RBCm-GA/PLGA NPs, a majority of subcutaneous tumors of this group successively began to necrose from the middle of tumors, and then tumor volumes were diminished. As shown in [Figure 4A and B](#f4-ijn-12-1593){ref-type="fig"}, compared with the control group, the tumor volumes and relative tumor volumes of the RBCm-GA/PLGA group were markedly decreased (*P*≤0.001, n=7), while the GA group showed a negligible tumor-inhibition effect (*P*\>0.05). More detailed information about tumors in different groups was captured ([Figure 4C](#f4-ijn-12-1593){ref-type="fig"}). Moreover, the GA/PLGA group also showed certain efficacy in terms of tumor-growth inhibition, reflecting the advantage of this nanocarrier for tumor therapy.

The weights of mice in each group were also recorded ([Figure 4D](#f4-ijn-12-1593){ref-type="fig"}). Along with increasing tumor sizes in the control and GA groups, the weight of mice decreased or remained steady, which reflected that mice in these groups suffered from the increasing tumor burden or toxicity of free GA. This was also reflected in survival results ([Figure 4E](#f4-ijn-12-1593){ref-type="fig"}): when compared with NP formulations (both RBCm-GA/PLGA and GA/PLGA groups), other groups showed worse survival. Mice treated with RBCm-GA/PLGA NPs showed extended median survival of at least 30 days more compared with the no-treatment group. However, the free-GA group was extended by only 4 days.

Biocompatibility and safety studies
-----------------------------------

RBCm coating may make nanocarriers achieve better biocompatibility theoretically. We identified whether RBCm-coated PLGA NPs had better biocompatibility than bare PLGA NPs by analyzing the uptake of macrophages in vitro. The fluorescent quantitation of two groups showed the quantity of NPs taken up ([Figure 5A](#f5-ijn-12-1593){ref-type="fig"}) indirectly reflected the immunoevasion of the mononuclear phagocyte system by nanocarriers. RBCm coating resulted in fewer NPs being taken up (*P*≤0.001, n=3) by macrophages, indicating better biocompatibility and immunoevasion of the mononuclear phagocyte system, which may result in long circulation in vivo. In vivo safety was also the object of study for RBCm-GA/PLGA NPs. H&E-stained images of major organs in each group showed that there was no noticeable signal of organ damage ([Figure 5B](#f5-ijn-12-1593){ref-type="fig"}). In vivo safety also suggested good biocompatibility for these RBCm-GA/PLGA NPs.

Discussion
==========

The RBC-NP platform we structure here integrates two distinct materials (polymer and cell membrane) and takes advantage of their respective and particular properties, achieving a synthetic biomimetic nanocarrier.[@b21-ijn-12-1593] On the basis of stability and biocompatibility of the RBC-NP platform, multiple types of antineoplastic agents -- hydrophilic or hydrophobic -- can be carried in by appropriate approaches. Moreover, hydrophobic agents benefit more from this nanocarrier than hydrophilic agents, owing to the satisfactory solution of safe solvent. GA-loaded RBC NPs increased the solubility of GA to some extent. We tried to enhance the solubility of free GA through a sonicated mixture containing ethanol, Tween, and water, but the vascular stimulation led by the cosolvent in GA solution could be observed during vivo test. Just as with the clinical application of some chemotherapy drugs with poor water solubility (eg, paclitaxel), the use of a cosolvent is required, accompanied by unavoidable allergic reaction and vascular stimulation. The introduction of nanocarriers avoids such inconvenience by increasing solubility tactfully. Meanwhile, other potential antitumor drugs similar to GA could also be delivered for broader clinical applications by this biomimetic nanocarrier. In addition, the coating of autologous liposome RBCm enhances biocompatibility through evasion of the immunoreaction of the mononuclear phagocyte system, as shown in the phagocytosis test. This also reflected this synthetic biomimetic nanocarrier still retained biological properties of RBCm to some extent.

RBCm-GA/PLGA NPs and free GA at the same dose exhibited similar cytotoxicity through the occurrence of apoptosis and variation in cell cycle after 48 hours in vitro. However, a significant difference was observed in the inhibition of tumor growth in vivo. Free GA at a dose of 6 mg/kg exerted marginal control of tumor growth and no obvious signal of organ damage in H&E-stained images compared with the control group. This may suggest that a dose of 6 mg/kg did not reach the effective dose for free GA. On the contrary, GA-loaded RBC NPs at the same dose achieved significant inhibition of tumor growth. This can be attributed to the EPR effect, which promoted RBCm-GA/PLGA NPs to accumulate at the tumor site, despite no active target existing, and the local GA concentration at the tumor site was increased. Furthermore, immunoevasion led by membrane coating made the RBCm-GA/PLGA group slightly better than the GA/PLGA group. In future work, achieving a specific active target by utilizing specific membranes derived from selected cells,[@b36-ijn-12-1593] such as cancer cells,[@b37-ijn-12-1593]--[@b40-ijn-12-1593] or via targeting ligands inserted into membranes[@b41-ijn-12-1593],[@b42-ijn-12-1593] can be designed to build a nanocarrier with better antitumor effect.

For in vivo antitumor efficacy, we also observed that the decrease in tumor volume size was via necrosis of subcutaneous tumors. This phenomenon is behind our supposition that accumulation of GA at the tumor site led to necrosis by its effect on local blood vessels. More work will be needed to explain this in future.

Conclusion
==========

RBCm-GA/PLGA NPs served as a biomimetic nanocarrier and united the customizability and flexibility of synthetic copolymer PLGA, in addition to the functionality and complexity of natural liposome RBCm. The loading of the potential antitumor drug GA bestowed on the nanocarrier new antitumor efficacy. The combination of RBCm and PLGA has been shown to enhance the stability and biocompatibility of a composite carrier compared with bare nanoerythrosomes[@b43-ijn-12-1593] and a polymeric carrier,[@b44-ijn-12-1593] and we confirmed this in vitro. Moreover, GA-loaded RBC NPs lifted restrictions on the application of GA, which were due to its poor water solubility.

With regard to antitumor effects, it was confirmed that RBCm-GA/PLGA NPs were taken up by gastrointestinal cancer cells and inhibited the proliferation of SW480 cells in vitro via the influence of apoptosis and the cell cycle. A series of the antitumor efficacy of RBCm-GA/PLGA NPs equals bare drug GA over time.

Following a certain antitumor efficacy in vitro, inhibition of tumor growth in vivo is also obvious. RBCm-GA/PLGA NPs notably inhibited the growth of subcutaneous tumors, caused necrosis, and shrank the volume sequentially. However, bare GA at the same dose gained marginal control of tumor growth, far inferior to its activity in vitro. This difference reflects the enormous advantage of this composite biomimetic nanocarrier, and it takes full advantage of the antitumor efficacy of GA. Furthermore, RBCm-GA/PLGA NPs guarantee safety in vivo.

Supplementary material
======================

###### 

Fourier-transform infrared spectrometry of GA, PLGA and GA/PLGA nanoparticles.

**Abbreviations:** GA, gambogic acid; PLGA, poly(lactic-*co*-glycolic acid).
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![Schematic of preparations of RBCm-GA/PLGA nanoparticles and retransfusion into mice.\
**Abbreviations:** RBC, red blood-cell; RBCm, red blood-cell membrane; GA, gambogic acid; PLGA, poly(lactic-*co*-glycolic acid).](ijn-12-1593Fig1){#f1-ijn-12-1593}

![Preparation and characterization of RBCm-GA/PLGA nanoparticles.\
**Notes:** (**A**) Encapsulation efficiency and yield of GA into PLGA nanoparticles at various initial drug inputs. (**B**) Size of GA-loaded RBC nanoparticles prepared from different RBCm:polymer ratios. For given amounts of polymeric particles, the particles become more stable in phosphate-buffered saline with increasing RBCm content. (**C**) Transmission electron microscopy visualization of RBCm-GA/PLGA nanoparticles with uranyl acetate negative staining. (**D**) Dynamic light-scattering measurements of the size of bare PLGA cores, GA/PLGA nanoparticles, and RBCm-GA/PLGA nanoparticles, with optimum ratios. (**E**) Dynamic light-scattering measurements of size and PDI of RBCm-GA/PLGA nanoparticles over 7 days. (**F**) GA-release behavior from RBCm-GA/PLGA nanoparticles at different pH values (7.4 and 5.4) at 37°C for 7 days.\
**Abbreviations:** RBC, red blood-cell; RBCm, red blood-cell membrane; GA, gambogic acid; PLGA, poly(lactic-*co*-glycolic acid); PDI, polydispersity index.](ijn-12-1593Fig2){#f2-ijn-12-1593}

###### 

In vitro uptake and cytotoxicity of RBCm-GA/PLGA nanoparticles.

**Notes:** (**A**) Confocal laser-scanning microscopy (magnification 40×) of gastrointestinal cancer cells (SW480, MKN45, and AGS) after 30 minutes coincubation with RBC nanoparticles. RBCm was labeled red with DiI, polymeric PLGA cores were labeled green with DiO, and the cancer-cell nucleus was stained blue with DAPI. (**B**) In vitro cytotoxicity of GA-loaded RBC nanoparticles in comparison with free GA against SW480 colorectal cancer cells after 24 and 48 hours of incubation (n=4, *P*\>0.05). Data given as mean ± standard deviation (n=4). (**C**) Apoptosis rate of SW480 incubated with RBCm-GA/PLGA nanoparticles in increasing concentrations for 12, 24, 48, and 72 hours. (**D**) SW480 cell apoptosis detected by annexin V--FITC/PI double-staining of RBCm-GA/PLGA nanoparticles and free GA in 1.5 μg/mL GA concentration at 12, 24, 48, and 72 hours. PE-A is a marker to represent PI; FITC-A is a marker to represent Annexin V. (**E**) Effect of GA-loaded RBC nanoparticles and free GA in 1.5 μg/mL GA concentration on cell-cycle distribution in SW480 cells for 24 and 48 hours.

**Abbreviations:** RBC, red blood-cell; RBCm, red blood-cell membrane; GA, gambogic acid; PLGA, poly(lactic-*co*-glycolic acid); DiI, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine per chlorate; DiO, 3,3′-Dioctadecyloxacarbocyanine perchlorate; DAPI, 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride; FITC, fluorescein isothiocyanate; PI, propidium iodide.
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![In vivo antitumor efficacy of RBCm-GA/PLGA nanoparticles.\
**Notes:** (**A** and **B**) Tumor-growth inhibition in mice treated with RBCm-GA/PLGA nanoparticles, GA/PLGA nanoparticles, free GA, RBCm-PLGA nanoparticles, or NS by tail-vein injection (n=7). Tumor size (**A**) and relative tumor size (**B**) of mice in each group were measured on day 7 postimplantation and every other day after injection until death occurred (27 days in total). Data given as mean ± standard deviation (n=7). (**C**) Photograph of tumors for the three groups of RBCm-GA/PLGA nanoparticles, free GA, and NS. (**D**) Relative weights of tumor-bearing mice treated with RBCm-GA/PLGA nanoparticles, GA/PLGA nanoparticles, free GA, RBCm-PLGA nanoparticles, or NS. Weights of mice in each group were measured on day 7 postimplantation and every other day after injection until death occurred (n=7, *P*\>0.05). Data given as mean ± standard deviation (n=7). (**E**) Survival of mice treated with RBCm-GA/PLGA nanoparticles, GA/PLGA nanoparticles, free GA, RBCm-PLGA nanoparticles, or NS. \**P*\<0.05; \*\*\**P*≤0.001.\
**Abbreviations:** RBCm, red blood-cell membrane; GA, gambogic acid; PLGA, poly(lactic-*co*-glycolic acid); NS, normal saline.](ijn-12-1593Fig4){#f4-ijn-12-1593}

![Biocompatibility and safety of RBCm-GA/PLGA nanoparticles.\
**Notes:** (**A**) The fluorescent quantitation in THP1 macrophage cells incubated with PLGA nanoparticles with and without RBCm coating for 30 minutes. Data given as mean ± standard deviation (n=3). \*\*\**P*≤0.001. (**B**) Representative hematoxylin and eosin-stained slices image of major organs in each group (RBCm-GA/PLGA nanoparticles, GA/PLGA nanoparticles, free GA, RBCm-PLGA nanoparticles, and NS).\
**Abbreviations:** RBCm, red blood-cell membrane; GA, gambogic acid; PLGA, poly(lactic-*co*-glycolic acid); NS, normal saline.](ijn-12-1593Fig5){#f5-ijn-12-1593}
